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RECOVERY OF CRITICAL METALS FROM SUPERALLOY SCRAP BY
MATTE SMELTING AND HYDROMETALLURGICAL PROCESSING

By Gary L. Hundley' and D. L. Davis?

ABSTRACT

As part of the U.S. Bureau of Mines program to reduce the Nation’s reliance on foreign supplies for
critical metals, a procedure was devised to separate and recover critical metals from mixed and
contaminated superalloy scrap. The process uses both pyrometallurgical and hydrometallurgical methods
to treat the scrap. The mixed scrap is converted to a matte containing 4 to 7 pct S by adding S directly
to the molten metal. This matte is then granulated and ground to a minus 35-mesh particle size and
leached with an HCI-Cl, solution. This process takes essentially all the Ni, Co, Cr, Fe, Al, and Mo into
solution in a 3-h leach, leaving W, Ta, Ti, and Nb (Cb) in the residue. The Mo is recovered from the
chloride leach solution by solvent extraction, and the Cr and Fe are recovered together by precipitation.
The Ni and Co can be recovered individually by an existing solvent extraction-electrowinning process.
The W is recovered by a caustic leach of oxidized Cl, leach residue.

IChemical engineer.
Engineering technician,
Albany Research Center, U.S. Bureau of Mines, Albany, OR.



INTRODUCTION

The United States relics on imports to meet its needs
for critical and strategic metals such as Ni, Cr, and Co.
To reduce this dependence on imports, the U.S. Burcau of
Mines investigated methods for recovering these metals
from superalloy scrap. It is estimated that approximately
55 million 1b of clean and contaminated superalloy scrap
was processed in 1986. Of this 55 million b, approxi-
mately 70 pct (38.5 million Ib) was recycled into the same
superalloy, 20 pct (11 million Ib) was downgraded, and
10 pet (5.5 million 1b) was sold to refineries (1).> The
20 pct that is downgraded is contaminated, too complex, or
generally not suitable to be recycled directly back into
alloy production. Presently, the downgraded material is
used in iron and steel production or is exported. This
rescarch sought to devise a procedure to recover these
critical metals from the scrap so that they may be reused
in superalloy production or as the pure metals.

The chemical and physical properties of superalloys
make processing to separatc and recover the metals a
difficult, complex process. Not only arc the superalloys
high-temperature, refractory materials, but mixed alloys
contain a large number of elements that must be
scparated.

Numerous processes have been proposed to recover and
recycle the critical metals in mixed and/or contaminated
superalloy scrap. These processes basically fall into two
types: (1) pyrometallurgical processing and (2) hydro-
metallurgical processing. Pyrometallurgical processing i§
not very selective and generally results in a master alloy
containing Ni, Co, Fe, and possibly Cr. The alloy results
from melting the scrap and then oxidizing the bath to
remove the more reactive metals to a slag. Hydrometal-
lurgical methods can be very selective and can result in the
recovery of pure metals. These processes use a chlorine
(Cl,) leach or a sulfuric acid leach. Brooks (2), Hougen
(3), and Redden (4) have proposed processes that use a
chlorinated HCI leach to take turnings and borings or
grinding wastes into solution,

Leaching rates of bulk superalloy scrap are slow unless
the materials already have a small particle size, such as the
materials used in the studies mentioned above. Studies
conducted by Atkinson (5-6) and by Laverty (7) addressed
the problem of reducing the particle size of bulk scrap to
a size that would allow rapid leaching rates. These
procedures involved dissolving the scrap in molten Al or
molten Zn. The former resulted in the formation of
brittle intermetallic compounds that were easily crushed
and that reacted rapidly with leaching solutions. This
procedure had the disadvantage of also consuming the Al

3Italic numbers in parentheses refer to items in the list of references
at the end of this report.

while processing the scrap. The method of dissolving the
scrap in Zn involved distilling the Zn from a solidified
melt to form a high-surface-area, friable product. This
material then could be readily leached with an HCI-O,
system, The energy requirement to distill the Zn may
prevent the use of this procedure, however. Laverty also
found that atomizing the scrap in air or Ar resulted in a
product that leached slightly better with HCI-O, than the
Zn-treated scrap did. The atomized scrap did not leach in
the Cl,-0O, system, however.

Studies conducted by deBarbadillo (8) combined pyro-
metallurgical, minerals beneficiation, and hydrometal-
lurgical techniques. In this procedure, a sulfide matte was
produced by adding elemental S to molten superalloy
scrap. The solidified matte was easily crushed, and then
conventional minerals beneficiation techniques were
applied to produce a Ni-Co-rich phase free of most of the
Cr, and a Cr-rich phase. The Cr-rich phase contained a
significant amount of Ni, however. The Ni-Co-rich phase
was treated by a hydrometallurgical process to produce
electrolytic Ni and Co. The Cr-rich phase was treated by
a pyrometallurgical process to produce a Cr-Ni alloy.
Unfortunately, this alloy contained a significant portion of
the Ni and was not as desirable a product as pure Cr. A
variation of the procedure of deBarbadillo was developed
by Thomas (9-10). In this procedure, a sulfide matte was
formed and then crushed and ground to a suitable particle
size. No minerals beneficiation techniques were applied to
the crushed matte. The matte was selectively leached with
an aqueous HCI-Cl, system at a controlled oxidation-
reduction potential (ORP). This procedure left most of
the Cr in the leach residue, and the rest of the valuable
metals were recovered from the leach solution. This
process also had the undesirable result of recovering a Cr
product that was contaminated with Ni.

The study presented in this report is an extension of the
work conducted in the studies described above (8-10).
The formation of a matte was used to convert the scrap to
a form that could be readily ground to a particle size
suitable for leaching, and to convert the scrap to a form
that was more reactive toward the chloride leach solution.
Leaching of sulfides with a chloride system has been
conducted by several researchers and is a consistent, well-
documented procedure (11-12). Instead of physically
separating the phases in the matte or selectively leaching
the matte as in the work described above, this study
concentrated on a nonselective leach of the entire matte.
The resulting leach solution was then treated to recover
individual metals.



PROCEDURES AND RESULTS

Figure 1 shows a simplified flowsheet of the process
developed in this study. Briefly, the procedure consisted
of melting the superalloy scrap, adding S to form a matte
of the desired S level, and granulating the matte in a
water-jet granulator, The granulated matte was ground to
the desired particle size in a rod mill and then leached
with an HCI-Cl, leach solution. The leaching step took
essentially all the Ni, Co, Cr, Fe, Mo, and Al into solution,
leaving the W, Ta, Ti, and Nb (Cb) in the residue.
Following solid-liquid separation, the solid residue was
treated with hot perchloroethylene to remove the free S
gencrated in the leach. Sulfur was recovered from the
organic solvent by cooling the hot solvent. The S-free
leach residue was heated in air to oxidize the sulfides and
then was leached with a strong sodium hydroxide (NaOH)
solution to remove the W. The Ti, Ta, and Nb were left
behind in the solids. The leach solution from the HCI-Cl,
leach was treated with trioctyl phosphate to extract the Mo
and a portion of the Fe. The Mo and Fe could be
stripped from the organic phase with a dilute HCI solution.
The leach solution, after the Mo was removed, was treated
with NaOH solution to raise the pH from 1.0 to
approximately 2.5. Precipitation at 100° C resulted in a
poorly filterable precipitate, and the Cr-Fe removal was
not as complete. Also, some Ni and Co were removed in
the precipitate with the latter procedure. To solve this
problem, the solution was heated in an autoclave at 200° C
to precipitate essentially all of the Cr and Fe as a readily
filterable product. A ferrochrome product could be
created from this precipitate by reduction and could be
further processed to high-purity Cr if that was the desired
product. Converting ferrochrome to high-purity Cr in-
volves converting the ferrochrome to an ammonium
chrome alum by reaction with sulfuric acid and ammonium
sulfate, followed by electrolysis (13). The leach solution,
which at this point contained basically Ni and Co, would
be treated with a commercial solvent extraction-
electrowinning (SX-EW) procedure used at Falconbridge
Nikkelverk A/S, Kristiansand, Norway (14).

PREPARATION OF MATTES

The same composite superalloy composition used by
deBarbadillo (8) was used in these studies. A synthetic
master alloy was used to simulate mixed superalloy scrap
rather than using actual scrap, so that a consistent feed
material was available for the test work. The master alloy
was formed by melting the individual metals together in an
induction furnace. The composition of this alloy was
determined from the composition of typical superalloys
and the relative quantities of each type that are produced.

This composition, in weight percent, was 14.5 Cr, 60.0 Ni,
10.0 Co, 5.0 Fe, 4.5 Mo, 2.0 W, 1.5 Ta, 1.0 Nb, 1.0 A}, and
1.0 Ti. The mattes were formed by melting the metal in
a graphite crucible in an induction furnace and adding
elemental S. A total metal weight of 12.6 kg was used in
most of the tests to form mattes. The molten alloy was
heated to 1,450° C, and S was added directly to the melt.
The S was formed into cylinders 5 cm in diameter by 5 cm
tall by pouring molten S into molds and allowing it to
solidify. The desired amount of S was added to the
molten bath a cylinder at a time and was stirred into the
bath with a graphite rod. Sulfur retention in the matte
ranged from approximately 75 to 95 pct, depending on the
total S level in the matte. Low-S mattes, as expected, had
a greater S retention. Mattes produced had S levels
ranging from 2.8 to 33.7 pct.

After a matte was formed, it was treated in one of two
ways. In the first procedure, the matte was poured into a
conical mold and allowed to cool slowly. The solidified
matte then was crushed and ground in a rod mill to
produce the desired particle size. The crushing and
grinding became more difficult as the S level in the matte
decreased. The material became much tougher and
harder to grind at low S levels. Mattes with S contents
above about 15 pct were brittle and relatively easy to
grind.

The second procedure was to granulate the molten
matte in a water-jet granulator. This produced a friable,
easy-to-grind material. Mattes of all S levels were
granulated. Samples of mattes that had been slow-cooled
were remelted and granulated to compare the leaching
characteristics of the two procedures. When the S level in
the matte was decreased to the 4- to 7-pct range, even the
granulated material became difficult to grind to a smaller
particle size. Improvement in the granulating process may
result in a material that requires no further grinding, but
time did not permit further study of the granulating
process.

PHASE RELATIONSHIPS IN THE NICKEL-
CHROMIUM-SULFUR SYSTEM

The structure of various mattes was determined by
examination with X-ray diffraction and scanning electron
microscope (SEM) microprobe methods. There were
three major phases present in the mattes: a nickel sulfide
(Ni;S,) phase, a metallic Ni phase, and a chromium sulfide
phase. FEither the Ni,S, phase or the metallic Ni phase
was continuous, depending on the overall S level in the
matte. The other two phases were dendritic in nature and
were dispersed throughout the continuous phase. The
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metallic Ni phase was continuous at S levels of 5 to 10 pct.
As the S level increased, more NiS, formed, until it
became the continuous phase. The Ni,S, phase contained
a small amount of Fe and Co, but no Cr was found. The
metallic phase contained a significant amount of Fe and
Co and a small amount of Cr. The chromium sulfide
phase contained a significant amount of Ni and Co, with
a small amount of Fe. The chromium sulfide phase had
either a Cr,S; composition with 10 to 15 pct Ni dispersed
in the matrix or a NiCr,S, composition with a spinel
structure. Most of the minor elements, such as Mo, W,
Ta, and Nb, exist in separate subphases, either as a sulfide
or in the metallic state. The phases present and their
approximate compositions are shown in table 1 for two
mattes, one containing 25.7 pct S and the other containing
15.9 pct S.

LEACHING STUDIES

Leaching tests were conducted on a batch basis using a
beaker on a hot plate with the contents stirred by a
propeller-type mixer. Chlorine gas was sparged into the
solution using a fritted glass bubbler. Most tests were
conducted using 500 mL of solution and 50 g of solids.
The ORP of the solution was measured with a combina-
tion Pt versus Ag-AgCl electrode. Most tests were
conducted at a temperature of 95° C. The leach solution
contained 2 HCI and had a copper chloride (CuCl,) con-
centration ranging from 0 to 60 g/L Cu ion. The Cu ion
was added to increase the leaching rate. The Cu acts as

a Cl, carrier through the cuprous-cupric ion couple. In
addition, the leach solution contained nickel chloride
(NiCl,), with an Ni ion concentration of 80 g/L. The Ni
was added to the solution because commercial SX-EW
operations recycle this much Ni in the leach solution.
Tests at different Ni levels showed that this concentration
of Ni in the leach solution did not affect the extractions
obtained. Chlorine gas was bubbled into the solution at a
rate creating a final ORP of 260 to 800 mV. The major
chemical reactions involved in leaching the Ni are shown
below.

NiS, + 3CL, » 3Ni2* + 6CI + 2S°. A)
2Cut + Cl,» 2Cu®* + 2CI. B)
NisS, + 2Cu?* -+ 2NiS + Ni2* + 2Cu*. (O
Ni§ + 2Cu?* » Ni?* + 2Cu* + §°. (D)

The mattes were ground and screened to minus 35
Tyler mesh. Table 2 shows screen analysis of the various
as-ground mattes. It can be seen from this table that the
higher S mattes have a much smaller particle size than the
low-S mattes. This is because the higher the S level in the
matte, the more brittle it becomes, making it easier to
grind. The metal extraction was calculated to be the
amount of metal taken into solution versus the total
amount present in the matte.

Table 1.—Composition of phases® In superalloy mattes,2 welight percent

Phase Ni Cr Co Fe Mo w Ta Nb S
Matte 1 ...... 443 114 6.9 3.9 2.2 0.4 1.0 06 257
Metallic ..... 67.0 34 142 109 ND ND ND ND 4.5
Ni sulfide . ... 61.9 ND 4.9 1.3 ND ND 6.3 ND 255
Cr sulfide . . .. 1.3 293 741 35 ND ND 11.5 ND 354
Subphase 1 .. 8.1 8.0 3.7 1.9 51.8 9.5 15.6 ND NDt
Subphase 2 .. 49 27 6.4 1.7 5.9 18.5 57.6 ND NDt
Matte2 ...... 518 116 8.5 4.4 2.8 1.1 1.1 .6 15.9
Metallic ..... 70.1 27 158 7.9 NDt NDt ND NDt T
Ni sulfide . ... 723 ND 42 1.2 NDt NDt NDt NDt 22,3
Cr sulfide . , .. 115 438 42 ND NDt NDt NDt NDt 37.9
Subphase 1 .. 24 T ND ND 193 756 1.9 T NDt
Subphase 2 .. 1.8 1.9 ND ND 420 51.6 1.4 T NDt

ND Not detected.
NDt Not determined.
T Trace.

phase composition determined by electron microprobe analysis.
Matte composition determined by chemical analysis.



Table 2.—Screen analysis of superalloy mattes according to percentage of sulfur in sample,
weight percent of each size fraction

(Samples water-jet granulated except as noted)

Screen size, 00 28 43 69 126 159' 159 233 257 337!

Tyler mesh
Plus35 ........... 368 219 140 O 23 52 0 T o0 0
Minus 35 plus 48 .... 204 237 227 215 125 161 O 01 0 T
Minus 48 plus 65 .... 108 107 123 131 109 97 0 8 0 2
Minus 65 plus 100 ... 117 193 233 283 284 175 T 276 T 193
Minus 100 plus 150 .. 41 103 118 147 140 139 7 170 1.3 7.1
Minus 150 plus 200 .. 19 60 67 116 156 T 426 383 423 180
Minus 200 plus 270 .. 16 40 44 52 108 98 401 110 493  38.1
Minus 270 plus 400 .. 8 19 27 38 40 205 125 37 42 124
Minus 400 ......... 29 22 21 18 15 73 441 15 29 4.9
T Trace.

INot granulated.

The leaching studies were conducted on materials with NisS, + 2Cu* + §° - 2NiS + Ni?* + Cu,S.
S levels ranging from 2.8 to 33.7 pct and on a metal sam-
ple containing no S. The results summarized in table 3 NiS + 2Cu* - Cu,$ + Ni?t,
show that as the S level was decreased, the material
became more reactive in terms of Ni, Co, Cr, Fe, Al, and
Mo extraction. With S levels at approximately 4 pct, over

(B)
(F)

99 pct of the Ni, Co, and Fe were leached in 3 h, and 85 100
to 95 pct of the Cr and Mo were leached. The granulated
and ground metal with no S was the most reactive
material. Essentially all the Ni, Co, Cr, Fe, and Mo were
extracted in a 3-h leach time. With increasing S level, less
Cr and Mo were extracted, while the Ni, Co, and Fe
extractions decreased slightly. Figure 2 illustrates the
amount of Ni, Co, and Cr leached in 2 h as a function of
the S level in the matte: The very large difference in Cr
extraction as the S level changed is apparent. The Mo
extraction was approximately midway between the Cr and
Co extraction, As described in the previous section, the
practical lower limit of S is in the 4- to 7-pct range
because of the difficulty in grinding the material, and
further studies were conducted on mattes with the S
content in this range. If a granulation procedure could be
developed that did not require further grinding, metal with -
no S would be the preferred starting material for leaching,
As mentioned above, Cu ion was added to increase the
leaching rate. Table 4 shows the effect of the Cu
concentration on the leaching rate of mattes of varying S
level. These results show that the low-S mattes did not
require the CuCl, leaching aid to attain rapid leaching
rates. Very little difference was found in the leaching rate
with or without the Cu. When Cu was added as a leaching -
aid, its removal from solution was necessary. This was
accomplished by the two-stage countercurrent leaching : I |

o
O

KEY
@) Ni
0 Cr
A Co

&)
(@

Leach time = 2 h .

METAL EXTRACTED, pct
~
o

N
(&)

procedure shown in figure 3. In the first stage, no Cl, was '

added to the solution, and free S was added in an amount 0 10 20
sufficient to react with the Cu in the solution. This S IN MATTE, pCt
quantitatively precipitated the Cu from solution according

to the reactions shown in the next column. Figure 2.—Metal extraction versus S content in matte.

30



Table 3.—Results of leaching granulated
superalloy mattes at 95° C

Leach Final Metal extraction, wt pct
time, ORP, Ni Cr Co Fe Mo
h mvV
0 pct S—GRANULATED SUPERALLOY
1 ..., 286 62.9 629 65.2 733 60.6
2 ..., 417 99.7 97.6 99.8 998.3 96.9
3 ... 871 “100 98.5 "100 99.4 97.6
2.8 pct S IN MATTE
| I 260 76.2 53.3 76.3 77.6 71.3
2 ..., 494 99.6 66.1 99.8 99.4 94.4
3..... 901 99.9 91.2 “100 99.7 95.6
4.3 pct S IN MATTE
1 ..., 310 86.6 44.5 86.3 88.0 76.0
2 ..., 515 99.5 54.1 99.6 99.4 92.1
3 ... 680 99.8 83.2 99.9 99.8 93.5
6.9 pct S IN MATTE
1 ..., 300 89.2 34.6 87.1 89.6 77.8
2 ..., 656 99.2 45.4 98.8 98.5 90.6
3 ..... 843 99.5 70.3 99.5 99.2 91.6
4 ..., 630 99.6 72,6 99.3 99.6 92,6
12,6 pct S IN MATTE
1 ..... 293 95.9 12.8 93.3 95.8 80.9
2 ..., 613 97.8 25.9 95.3 97.1 86.2
15.9 pct S IN MATTE
1 ..., 381 96.5 7.5 89.9 94.0 39.1
2 ..., 595 98.0 28.4 94.3 96.4 47.4
23.3 pet S IN MATTE
1 . 0., 478 90.6 1.0 59.6 69.6 45,4
2 ..., 682 96.5 20.8 85.4 85.8 65.6
3..... 612 96.2 8.6 83.6 837 56.1
4 ..., 613 96.1 18.5 84,7 84.4 61.5
5 ..... 623 96.8 28.5 86.8 79.1 68.6
6 ..... 609 97.6 36.5 89.3 86.6 74.6
25.7 pct S IN MATTE
1 ..., 452 89,7 2.8 56.8 70.0 10.3
2 ..., 8571 95.8 24,7 82.0 86.3 30.4
33.7 pct S IN MATTE!
05.... 399 79.8 0.4 47.5 54.1 9.9
1 ..., 560 91.9 1.6 60.7 61.8 13.3
2 .00, 637 90.8 9.8 62.0 64.2 21.2
3 ... 658 91.2 19.4 69.3 64.8 25.9

INot granulated.

After solid-liquid separation, the leach solution was sent
to the Ni-Co recovery circuit. Spent electrolyte from the
Ni-Co electrowinning contacted the residue from the first
leach step. In this stage, the Cl, was added to the solu-
tion. Copper was redissolved and the bulk of the metals
was leached in this stage. This solution then was recycled
to the first stage, in which some leaching occurred and the

Cu was precipitated. The second-stage leach residue was
sent to the W, Ti, Ta, and Nb recovery procedure. This
two-stage procedure gave essentially the same results as a
single-stage leach with the same total retention time.

Table 4.—Effect of copper concentration
in leach solution on metal extraction

(1-h leach time, 95° C)

Cuin Final
leach ORP, Metal extraction, wt pct
solution, ~ mV Ni Cr Co Fe Mo
g/L
6.9 pct S IN MATTE!
0.... 427 98.8 447 982 984 889
144 .. 515 99.2 424 986 984 916
29.0 .. 675 99.1 426 986 984 918
426 .. 570 ©9.2 455 986 980 916
56.7 .. 656 99.2 454 088 985 90.6
18.9 pct S IN MATTE
0o.... 375 812 102 770 738 420
1583 .. 341 79.1 54 770 782 387
30.1 .. 371 872 59 863 908 447
446 .. 371 918 6.1 874 912 519
596 .. 409 939 60 888 918 43.0
33.7 pct S IN MATTE
0 .... 558 75,0 33 570 620 207
147 .. 471 888 1.3 532 596 185
296 .. 483 91.3 14 568 622 189
445 .. 481 919 1.2 6581 619 189
599 ., 484 927 14 621 614 16.1

12-h leach time.

Superalloy
matte .
+ ——— Elemental S
Cu
| precipitation
leach
\ Slurry Raffinate to
m=- purification and
Thickener | electrowinning
L
© { Underflow
—
= Spent electrolyte
- com;?llgtion return from electrowinning
leach |et— Clo
\
Filtration
Residue to

W, Ti, Ta, Nb recovery

Figure 3.—Two-stage countercurrent leach.



A series of tests was conducted to determine whether
any difference existed in leaching characteristics between
granulated and nongranulated mattes ground to the same
particle size. The results summarized in table 5 show that
essentially no difference existed in the metal extractions
between granulated and nongranulated mattes for a medi-
um $ level (15.9 pct). For a high-S matte (25.7 pct), the
Cr, Co, and Fe extractions were significantly greater at 2 h
for the granulated matte than for the nongranulated matte.
The Ni extraction was essentially the same, Apparently
the granulation results in a more porous structure that
allows the more difficult-to-leach metals to be more easily
extracted in the case of a high S level.

Table 5.—Leaching results for granulated
versus nongranulated mattes at
95° C, percent extration

Sin Leach
matte, time, N;j Cr Co Fe Mo
pot h
GRANULATED
159 .. 1 96.5 75 8399 940 391
2 98.0 284 943 964 474
257 .. 1 89.7 28 568 700 103
2 958 247 820 863 304
NONGRANULATED
159 .. 1 93.6 62 879 926 508
2 '974 249 915 949 738
257 .. 1 91.9 16 607 618 13.3
2 90.8 98 620 642 21.1

As described previously, the higher S matte allowed a
more selective leach between the Ni-Co and Cr-Fe. A
matte with 20 to 25 pct S resulted in extraction of over 90
pct of the Ni and Co in 3 h, leaving most of the Cr and
some of the Fe and Mo in the residue. Up to 92 pct of
the Cr and Mo and 99 pct of the Fe could then be
removed from the residue by releaching with fresh leach
solution in two additional 2-h cycles. The Cu leaching aid
needed a concentration of at least 40 g/L to obtain these
results. Although greater selectivity was obtained with the
high-S mattes, the first leach solution still contained Cr
and Fe that had to be removed in a precipitation step, and
the Cu leaching aid had to be removed with a two-stage
leach. For these rcasons, the researchers thought that the
most practical approach would be to use a low-S matte
and take all the Cr and Fe into solution initially and
remove it in a single step, instead of processing two leach
solutions. Also, the Cu leaching aid would not be needed,
eliminating the two-stage leach. A typical pregnant leach
solution composition obtained from a 3-h leach of a 4- to
7-pct-S matte was as follows (in grams per liter): 112 Ni,

7.2 Cr, 84 Co, 6.2 Fe, 1.4 Mo, 046 W, and 0.07 Al
(starting with 80 g/L Ni in the leach solution).

SOLVENT EXTRACTION

Previous studies by Brooks (2) showed that trioctyl
phosphate diluted in kerosene effectively extracts Mo. A
leach solution with the concentration mentioned at the end
of the "Leaching Studies" section was contacted with 25 vol
pet trioctyl phosphate in kerosene. Equal volumes of
organic and aqueous solutions were used. Two contacts
with the organic solution decreased the Mo concentration
from 1.40 g/L to less than 0.001 g/L and Fe concentration
from 6.2 to 2.0 g/L. The Mo and Fe were stripped from
the organic with 0.3M HCI. Testing also revealed that the
ORP of the final leach solution fed to the solvent
extraction must be at least +650 mV (Pt versus Ag-AgCl)
to extract all of the Mo and most of the Fe. Apparently,
at a lower ORP some of the Mo is in a lower valence state
and can not be extracted by the organic. Table 6 and
figure 4 show these results for Mo, Fe, and W extraction
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Figure 4.—Solvent extraction of leach solution.



from leach solutions of varying final ORP. No difficulties
were encountered with phase separation. Limited testing
was conducted on this aspect of the process, however.
One problem that was not addressed was that some W was
extracted with the Mo and Fe, and the W was not stripped
from the organic with the HCI strip solution. Whether
this W could be removed by some other method was not
investigated.

Table 6.—Solvent extraction of leach
solution—percentage of metals
extracted versus final
solution ORP

(Conditions: 25 vol pct trioctyl phosphate
in kerosene, two contacts with equal
volumes aqueous and organic, start-

ing solution in grams per liter:
1.41 Mo, 6.20 Fe, 0.46 W)

Final sol Mo Fe w
ORP, mV
-100 .... 17.0 0.3 54.4
+500 . ... 75.9 15.0 97.0
+650 .... 100 63.4 ~100
+800 ...,  "100 68.1 94.4
+820% ... 99.7 99.6 73.3

IStarting solution in grams per liter: 1.84
Mo, 3.30 Fe, 0.03 W.

CHROMIUM AND IRON RECOVERY

Precipitation tests to remove Cr and Fe were conducted
on raffinates generated in the solvent extraction studies.
An NaOH solution was added to the raffinate to increase
the pH to precipitate Cr and Fe. Initial tests conducted at
100° C resulted in a poor separation. As shown in fig-
ure 5, complete removal of the Cr and Fe could not be
obtained without also removing 10 to 20 pct of the Ni and
Co. This was not an acceptable procedure, especially since
the Ni was the major component in solution. In addition,
the precipitate obtained under these conditions was very
difficult to filter, as expected, and trapped a considerable
amount of leach solution in the filter cake.

A more satisfactory procedure was to add the NaOH
solution and then heat the solution to 200° C in an auto-
clave. This resulted in a much greater separation of Cr-Fe
from the Ni-Co. In addition, the precipitate was much
easier to filter. One hour at 200° C produced a satis-
factory precipitate. To control precipitation, varying the
amount of NaOH added as a function of the amount of
metals in the solution was found to be a better method
than adjusting the pH to a specific value. Figure 5 illus-
trates the amount of metals precipitated as a function of
the amount of NaOH added for a specific leach solution
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Figure 5.—Metals precipitated versus amount of NaOH added.

at both 100° and 200° C. After 22 mL of 200-g/L NaOH
solution was added to 75 mL of leach solution (containing
7.3 g/L Cr and 3.9 g/L Fe) and the solution was treated
at 200° C, 100 pct of the Cr, 86 pct of the Fe, and less
than 5 pct of the Ni and Co were removed. Metals would
be recovered from the precipitate by calcining the mate-
rial, then reducing it to metallic ferrochrome using Al or
some other suitable reductant. A pure Cr metal could be
recovered from the ferrochrome using existing technology,
if Cr was the desired product (13).

NICKEL AND COBALT RECOVERY

In this study, the purified leach solution containing the
Ni and Co was not processed to recover the metals. Since
this solution was essentially the same as the purified leach
solution used in the Falconbridge process (14) described
earlier, it was thought that it was not necessary to process
this solution further. The Falconbridge process uses SX-
EW to recover pure Co and Ni. The leach solution is
given several purification steps, then the Co is separated
from the Ni by solvent extraction. The Co strip solution
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from the solvent extraction is purified further by precip-
itation and ion exchange and then is sent to electrowinning
cells to recover the Co. The Ni raffinate from the Co sol-
vent extraction is directly electrowon. The Ni concen-
tration in the raffinate is reduced from 230 to 85 g/L be-
fore it enters the electrowinning cell. The spent anolyte
from the electrowinning contains approximately 54 g/L Ni.
This solution then is recycled to the beginning of the
process to leach more matte,

LEACH RESIDUE

The residue from the chloride leach contains W, Ta, Ti,
and Nb. In addition, the chloride leach of the matte
generates both sulfate ion in the leach solution and free S
in the residue. The free S in the residue can be recovered
and recycled by leaching with hot perchloroethylene. The
solubility of S in this solvent is very temperature depend-
ent. The solubility at 25° C is 25 g/L, while the solubility
at 100° Cis 422 g/L (15). Leaching the residue at 100° C
and then allowing the solvent to cool results in the

precipitation of the free S from the residue. An alternate
procedure for S removal is the method described by Herve
(16). This procedure uses different solvents, such as
1,2,ethanediol;  1,2-propanediol;  2-(2-methoxyeth-
oxy)ethanol; 2-(2-ethoxyethoxy)cthanol; or 2-(2-butoxyeth-
oxy)ethanol, to dissolve the S from the leach residue. The
residue is leached hot and then the solvent is cooled to
precipitate the S in a manner similar to the perchlor-
octhylene treatment.

The amount of sulfate ion formed during the leaching
seemed to be somewhat erratic. Problems that this might
generate in the various solvent extraction steps, as well as
the effect on leaching as the sulfate ion builds up in the
recycle streams, were not addressed, and a suitable meth-
od to precipitate the sulfate ion from solution, such as
barite (BaSO,) precipitation, was not developed.

The W remaining in the residue was removed by
oxidizing the residue in air at 800° C, followed by leaching
with 400 g/L NaOH solution, The W was recovered as an
oxide by evaporating the solution. The residue from the
W recovery step contained the Nb, Ta, and Ti.

CONCLUSIONS

The results of this study show that the individual metals
in mixed superalloy scrap can be recovered by a matte-
smelting, hydrometallurgical procedure. The mixed scrap
was converted to a matte by adding S directly to the
molten metal. This matte was then granulated and ground
to a minus 35-mesh particle size and was leached with an
HCI-Cl, leach solution. The effect of S content on the
leachability of the matte was investigated, and it was found
that the lower the S level, the more casily the material
leached. Granulated and ground metal with no S leached

best, but was very difficult to grind to a suitable particle
size. Mattes with S levels less than 4 pct also were very
difficult to grind. A S level in the matte of 4 to 7 pct pro-
vided the best combination of case in leaching and grind-
ing. This leaching process took essentially all the Ni, Co,
Cr, Fe, and Mo into solution in a 3-h leach. The Mo was
recovered by solvent extraction, and the Cr and Fe were
recovered together by precipitation. The Ni and Co could
be recovered as pure individual metals by a commercial
SX-EW procedure.
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